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METHOD AND APPARATUS FOR MEASURING 
WAVELENGTH JITTER OF LIGHT SIGNAL 

FIELD OF THE INVENTION 

This invention relates to the field of optical communication. More particularly, 
this invention relates to the field of optical communication where there is a need to 
measure wavelength jitter. 

BACKGROUND OF THE INVENTION 

In WDM (wavelength division multiplexing) optical communication, multiple 
wavelengths of light each carry a communication signal Each of the multiple 
wavelengths of light forms a channel In DWDM (dense WDM) optical communication, 
a subset of the WDM optical communication, the channels are spaced close together. A 
typical DWDM application operates at a wavelength band about 1,550 nm, has 40 
channels, and has spacing of 0.4 nm between adjacent channels. 

In the WDM optical communication there is a need to monitor the wavelength of 
each channel This is especially required for the DWDM optical communication because 
of the close spacing between adjacent channels. 

A method of monitoring wavelength of each of the channels employs a scanning 
source, a Michelson interferometer, and a detector. The scanning source individually 
directs each of the channels sequentially to the Michelson interferometer. The Michelson 
interferometer sequentially directs interference fringe patterns corresponding to each of 
the channels to the detector. The detector detects the interference fringe pattern, which 
are electronically compared to desired interference fringe patterns. 

There are a number of problems associated with this method. An instrument 
employing this method is expensive. Further, because the method employs a scanning 
source, the method exhibits a slow update rate. Moreover, as the channel spacing has 
decreased in the DWDM optical communication, a dynamic range provided by the 
method is proving to be insufficient. 

The Michelson interferometer is an amplitude splitting interferometer which 
provides information about light which enters it. The Michelson interferometer includes 
a beam splitter, first and second mirrors, and a focusing lens. Light entering the 
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Michelson interferometer is split by the beam splitter into a transmitted light and a 
reflected light. The reflected light then reflects from the first mirror and returns to the 
beam splitter. Meanwhile the transmitted light reflects from the second mirror and 
returns to the beam splitter. The beam splitter combines the transmitted light and the 
reflected light into interference light which is focused by the focusing lens into an 
interference pattern. As wavelength of the light changes the interference pattern changes. 

A Mach-Zehnder interferometer is an amplitude splitting interferometer which 
provides information about an object placed within a first leg of the Mach-Zehnder 
interferometer rather than information about light entering the Mach-Zehnder 
interferometer. For example, the Mach-Zehnder interferometer is often used to observe a 
gas flow pattern caused by density variations in the gas flow pattern. The first leg of the 
Mach-Zehnder interferometer passes through the gas flow patterns while a second leg of 
the interferometer does not pass through the gas flow pattern. First light, diffracted by the 
gas flow pattern within the first leg, interferes with second light which traverses the 
second leg, A focusing lens produces an image of the gas flow pattern by focusing the 
first and second light in an image plane. 

What is needed is a method of monitoring channel wavelength that is less 
expensive. 

What is needed is a method of monitoring channel wavelength that exhibits a 
better update rate. 

What is needed is a method of monitoring channel wavelength that exhibits a 
better dynamic range. 

What is needed is a Mach-Zehnder interferometer which provides information 
about light entering the Mach-Zehnder interferometer rather than information about an 
object within a leg of the Mach-Zehnder interferometer. 

SUMMARY OF THE INVENTION 

An apparatus for detecting wavelength change of a first light signal of the present 
invention comprises an amplitude splitting interferometer and a detector. The amplitude 
splitting interferometer comprises first and second optical paths. The first optical path 
has a first index of refraction that varies with wavelength over a first wavelength band. 
The second optical path has a second index of refraction that is relatively constant over 
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the first wavelength band. In operation the first light signal enters and exits the amplitude 
splitting interferometer forming interference light. The interference light couples to the 
detector which detects the wavelength change of the first light signal from the 
interference light. 

An interferometer of the present invention comprises a first beam splitter, third 
and fourth optical paths, and a second beam splitter. The third optical path is optically 
coupled to the first beam splitter and has a third index of refraction that varies with 
wavelength over a second wavelength band. The fourth optical path is optically coupled 
to the first beam splitter and has a fourth index of refraction that is relatively constant 
over the second wavelength band. The second beam splitter is optically coupled to the 
first and second optical paths such that in operation an incident light enters the first beam 
spUtter and exits the second beam splitter forming an output light and further such that in 
operation a change in wavelength of the incident light within the wavelength band causes 
a change in interference of the output light. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically illustrates the preferred channel monitor of the present 
invention. 

FIG. 2 illustrates an optical layout of the preferred channel monitor of the present 
invention. 

FIG. 3 illustrates an isometric view of a grating light valve of the present 
invention. 

FIGS. 4A and 4B illustrate a cross-section of the grating light valve of the present 
invention in a reflecting mode and a diffracting mode, respectively. 

FIG. 5 illustrates an isometric view of the preferred interferometer of the present 
invention. 

FIG. 6 illustrates a plan view of the preferred interferometer of the present 
invention. 

DETAILED D ESCRIPTION OF THE PREFERRED EMRODTMFNT 

The preferred channel monitor and a 1% splitter of the present invention is 
schematically illustrated in FIG. 1. The preferred channel monitor 10 includes dispersion 
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and collimation optics 14, the preferred interferometer 16, a light modulator 18, a detector 
20, and electronics 22. The 1% splitter 12 is preferably optically coupled to an input 
optical fiber, an output optical fiber, and the dispersion and collimation optics 14. The 
dispersion and collimation optics 14 are optically coupled to the preferred interferometer 
16. The preferred interferometer 16 is optically coupled to the light modulator 18. The 
light modulator 18 is optically coupled to detector 20. The light modulator 18 and the 
detector 20 are electrically coupled to the electronics 22. 

The dispersion and collimation optics 14 preferably comprise a grism. The grism 
comprises a combination of a prism and a diffraction grating, where a face of the prism 
comprises the diffraction grating. Alternatively, the dispersion and collimation optics 14 
comprise the diffraction grating. Further alternatively, the dispersion and collimation 
optics 14 comprise the prism. 

In operation, the input optical fiber carries a WDM signal including first, second, 
third, and nth wavelength signals, X u A 2 , A 3 , and A n , for a total of n signals. For example, 
in a typical DWDM application operating at 1550 nm and having 40 channels separated 
by 0.4 nm, n equals 40. The 1% splitter 12 couples most of the WDM signal to the 
output optical fiber and couples a small portion of the WDM signal to the dispersion and 
collimation optics 14. Thus, a reduced strength WDM signal including the first, second, 
third, and nth wavelength signals, A l5 X 2 , A 3 , and X n is coupled to the dispersion and 
collimation optics 14. The dispersion and collimation optics 14 spatially separate the 
first, second, third, and nth wavelength signals, A l5 X 2 , X 3 , and X B and preferably 
collimates the first, second, third, and nth wavelength signals, A l5 X 2 , A 3 , and A n . 

The preferred interferometer forms first, second, third, and nth interference 
signals, X[, A 2 , A 3 , and X' n from the first, second, third, and nth wavelength signals, A l5 A 2 , 
A 3 , and A n . The preferred interferometer causes each of the first, second, third, and nth 
interference signals, X\, A 2 , A 3 , and A^ to vary as a function of wavelength of each of the 
first, second, third, and nth wavelength signals, A„ A 2 , A 3 , and A n , respectively. Thus, for 
example, if the first wavelength signal Aj has a wavelength 0.4 nm less than the second 
wavelength signal A 2 and the second wavelength signal A 2 has a wavelength 0.4 nm less 
than the third wavelength signal A 3 , a wavelength shift of 0.04 nm of the second 
wavelength signal A 2 towards the first wavelength signal X l and away from the third 
wavelength signal A 3 causes a change in the second interference signal X' 2 . 
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The light modulator 18, driven by the electronics 22, directs at least one of the 
first, second, third, and nth interference signals, X\, X 2 , Aj, and X' n to the detector 20 while 
causing a remainder of the first, second, third, and nth interference signals, X\, X' 2 , X' 3 , and 
X' a to not be directed to the detector 20 at a given time. For example, in FIG. 1 , the 
5 second interference signal X 2 is directed to the detector 20 while the first, third, and nth 

interference signals, X[,X' 3 , and X' n , are not directed to the detector 20. At a later time, the 
light modulator 18 directs at least one of the first, third, and nth interference signals, X\, 
X 3 , and A n , to the detector 20 while causing the second interference signal X 2 to not be 
directed to the detector 20. 
1 0 As depicted in FIG. 1 , the detector 20 in conjunction with the electronics 22 

n senses the second interference signal X 2 . Preferably, the detector 20 comprises a linear 

%i| array of detecting elements and the second interference signal X 2 provides a fringe 

«j pattern, where the fringe pattern changes as the second interference signal X 2 changes. A 

|! shift of the fringe pattern along the linear array of detecting elements corresponds to a 

1 5 Q change in wavelength of the second wavelength signal X 2 . Often, the change in 

p wavelength is referred to as wavelength jitter because the change in wavelength exhibits a 

L fluctuation of the wavelength. Since the second interference signal X 2 provides the fringe 

pattern and because the linear array of detecting elements are preferably configured to 
Rj detect the fringe pattern, the detector senses power fluctuation as well as the wavelength 

20 H jitter. 

pi Alternatively, the detector 20 comprises a detecting element and the second 

interference signal X' 2 provides an intensity level, where the intensity level changes as the 
second interference signal X 2 changes. A change of the intensity level at the detecting 
element corresponds to the change in wavelength of the second wavelength signal X 2 . hi 

25 this alternative, a separate arrangement (not shown) provides the power fluctuation of the 

second wavelength signal X 2 . 

An optical layout of the preferred channel monitor 10 is illustrated in FIG. 2. The 
preferred channel monitor 10 includes an optical fiber 24, the dispersion and collimation 
optics 14, the preferred interferometer 16, the light modulator 18, a focusing lens 28, and 

30 the detector 20. The optical fiber 24 optically couples the 1% splitter 12 (FIG. 1) to the 

dispersion and collimation optics 14. The dispersion and collimation optics 14 preferably 
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comprise an objective lens 30, the grism 32, and a linear array of collimating micro-lenses 
34. 

In operation, the WDM signal 36 exits the optical fiber 24 and couples to the 
objective lens 30. The objective lens 30 focuses the WDM signal 36. The grism 32 
spatially separates the WDM signal 36 into the first, second, third, and nth wavelength 
signals, X u A 2 , A 3 , and X n . The linear array of collimating micro-lenses 34 collimates the 
first, second, third, and nth wavelength signals, X u X 2 , X 3 , and A n , which couple to the 
preferred interferometer 16. In order to provide a more compact package size, mirrors 
(not shown) preferably fold the optical layout. Alternatively, the mirrors are not used. 

The preferred interferometer 16 is an amplitude splitting interferometer which 
splits each of the first, second, third, and nth wavelength signals, X u X 2 , X 3 , and X n , into 
divided signals, causes the divided signals to travel first and second optical paths, 
respectively, and recombines the divided signals into the first, second, third, and nth 
interference signals, X\, X' 2 , X 3 , and X' n , which exit the preferred interferometer 16. Next, 
the first, second, third, and nth interference signals, X[, X 2 , X 3 , and X' D couple to the light 
modulator 18. Preferably, the light modulator 18 is a diffractive light modulator. 
Alternatively, the light modulator 18 is a reflective light modulator. Further alternatively, 
the light modulator 18 is a transmissive light modulator. 

The light modulator 18 preferably directs at least one of the first, second, third, 
and nth interference signals, X\, X' 2 , X' 3 , and X' B , to the focusing lens 28 as a collimated 
beam while causing a remainder of the first, second, third, and nth interference signals, 
A l5 X 2 , X 3 , and X' n to not be directed to the focusing lens 28 as the collimated beam at a 
given time. 

The fight modulator 18 preferably reflects the second wavelength signal X 2 while 
preferably diffracting the first, third, and nth interference signals, X{, X 3 , and X^. Thus, 
the second interference signal X 2 following the light modulator 18 is the collimated beam 
while the first, third, and nth interference signals, X[, X 3 , and X' n , following the light 
modulator 18 are diffracted beams (not shown). The focusing lens 28 then directs the 
second interference signal X' 2 onto the detector 20 while causing the first, third, and nth 
interference signals, X\, X 3 , and A n , to not be directed onto the detector 20. The detector 
20 is located slightly away from a focal length of the focusing lens 28 in order to image 
the fringe pattern onto the linear array of detecting elements. 



PATENT 

Attorney Docket No. : SLM-08400 



Preferably, the optical fiber 24 has an exit with an f/4 numerical aperture. 
Alternatively, the exit has a different numerical aperture. Preferably, the objective lens 
30 is an f75 objective lens with a focal length of 300 mm. Alternatively, the objective 
lens 30 is a different objective lens. Preferably, the grism 32 comprises a 10° angle 
between entrance and exit faces and comprises a grating with a period spacing of 2 |im 
on the exit face. Alternatively, the grism 32 comprises a different grism. Preferably, the 
linear array of collimating micro-lenses 34 comprises f/l micro-lenses having a diameter 
of .250 mm. Alternatively, the linear array of micro-lenses 34 comprises different micro- 
lenses. Preferably, the focusing lens 28 comprises and f/2 focusing lens having a focal 
length of 20 mm. Alternatively, the focusing lens 28 comprises a different focusing lens. 

Preferably, the detector 20 comprises the linear array of detecting elements. More 
preferably, the detector 20 comprises a four element linear array of InGaAs detecting 
elements. Alternatively, the detector 20 comprises a different array of detecting elements 
where the different array of detecting elements is selected from a group comprising the 
linear array of detecting elements and an area array of detecting elements. Further 
alternatively, the detector 20 comprises the detecting element. 

Preferably, the electronics 22 (FIG. 1) comprise driving electronics for the light 
modulator 18 and signal processing electronics for processing information from the 
detector 20. Preferably, the driving electronics modulate channels of the light modulator 
18 with unique signatures and the signal processing electronics comprise a lock-in 
amplifier tuned to the unique signatures. Alternatively, the electronics 22 (FIG. 1) 
comprise different driving electronics. Further alternatively, the signal processing 
electronics comprise different signal processing electronics. 

Preferably, the diffractive light modulator is a grating light valve. The grating 
light valve of the present invention is isometrically illustrated in FIG. 3. The grating light 
valve 40 preferably comprises elongated elements 42 suspended by first and second posts, 
44 and 46, above a substrate 48. The elongated elements 42 comprise a conducting and 
reflecting surface 50. The substrate comprises a conductor 52. In operation, the grating 
light valve operates to produce modulated light selected from a reflection mode and a 
diffraction mode. 

A cross-section of the grating light valve 40 of the present invention is further 
illustrated in FIGS. 4A and 4B. The grating light valve 40 comprises the elongated 
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elements 42 suspended above the substrate 48. The elongated elements comprise the 
conducting and reflecting surface 50 and a resilient material 54. The substrate 48 
comprises the conductor 52. 

FIG. 4A depicts the grating light valve 40 in the reflection mode. In the reflection 
mode, the conducting and reflecting surfaces 50 of the elongated elements 42 form a 
plane so that incident light I reflects from the elongated elements 42 to produce reflected 
light R. 

FIG. 4B depicts the grating light valve 40 in the diffraction mode. In the 
diffraction mode, an electrical bias causes alternate ones of the elongated elements 42 to 
move toward the substrate 48. The electrical bias is applied between the reflecting and 
conducting surfaces 50 of the alternate ones of the elongated elements 42 and the 
conductor 52. The electrical bias results in a height difference of a quarter wavelength 
X/4 of the incident light I between the alternate ones of the elongated elements 42 and 
non-biased ones of the elongated elements 42. The height difference of the quarter 
wavelength A/4 produces diffracted light including plus one and minus one diffraction 
orders, D +1 and D.,. 

Preferably, a particular light signal modulator for a particular light signal 
comprises three pairs of the elongated elements 42. More preferably, the particular light 
signal modulator comprises six pairs of the elongated elements 42. Alternatively, the 
particular light signal modulator comprises two pairs of the elongated elements 42. 

The preferred interferometer 16 of the present invention is isometrically illustrated 
in FIG. 5. The preferred interferometer 16 comprises a first prism 60 and a second prism 
62. Preferably, the first prism 60 and the second prism 62 are optically cemented together 
to form a beam splitting surface 64. Preferably, the first prism 60 comprises fused silica. 
The fused silica exhibits an approximately constant index of refraction over a wavelength 
band about 1,550 nm. Alternatively, the first prism 60 comprises a first different material 
that exhibits the approximately constant index of refraction over the wavelength band 
about 1,550 nm. Preferably, the second prism 62 comprises optical grade germanium. 
The optical grade germanium exhibits an index of refraction which varies with 
wavelength over the wavelength band about 1 ,550 nm. Alternatively, the second prism 
62 comprises a second different material that exhibits the index of refraction which varies 
with wavelength over the wavelength band about 1,550 nm. 
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It will be readily apparent to one skilled in the art that if the preferred 
interferometer 16 is to be used to detect a wavelength change within a different 
wavelength band about a different wavelength, other materials are likely to be more 
appropriate than the fused silica and the optical grade germanium for the first and second 
prisms, 60 and 62, respectively. 

A top view of the preferred interferometer 16 is illustrated in FIG. 6. The 
preferred interferometer comprises the first and second prisms, 60 and 62, and the beam 
splitting surface 64. In operation, the first, second, third, and nth wavelength signals, X l9 
A 2? A 3 , and A n , enter the preferred interferometer 16. In order to simplify description of 
operation of the preferred interferometer 16, only the first light signal X x is traced through 
the preferred interferometer 16. The first light signal X x is split by the beam splitting 
surface 64 into a reference light signal X ll9 which propagates within the first prism 60, 
and a varied light signal A 12 , which propagates within the second prism 62. The reference 
light signal X n reflects from a first total internal reflection surface 66 while the varied 
light signal X u reflects from a second total internal reflection surface 68. Following these 
reflections, the beam splitting surface 64 combines the reference light signal X n and the 
varied light signal X n to form the first interference signal X\ 9 which exits the preferred 
interferometer 16. Similarly, the second, third, and nth interference signals A 2 , A3, and 
Xi are formed by the preferred interferometer 16. By inducing a slight misalignment 
between the reference light signal X n and the varied light signal A i2 , the first interference 
signal X \ exhibits the fringe pattern. Otherwise, the first interference signal X\ exhibits an 
intensity ranging from bright to dark. The second, third, and nth interference signals A 2 , 
A3, and A m are similarly formed by the preferred interferometer 16. 

Mathematically, the fringe pattern produced by the preferred interferometer 16 is 
given by: 

I(x) = (I 0 /2) [1 + cos((27T/A) x sin6 + (J>)] 

where I(x) is intensity across fringe pattern, I 0 is maximum intensity of the fringe pattern, 
A is wavelength, 0 is angle between interference light producing the fringe pattern, and (f> 
is phase difference induced by change in wavelength. The phase difference (|) is given 
by: 

<|) - (27I/A) (njdj - n 2 d 2 ) 
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where rij is a first refractive index of the first prism 60, n 2 is a second refractive index of 
the second prism 62, dj is a first path length within the first prism 60 for the reference 
light signal X u , and d 2 is a second path length within the second prism 62 for the varied 
light signal X n . 

For a slight change in the wavelength X, change in the (2n/X) x sin6 term for the 
fringe pattern is negligible. Thus, a change from a bright fringe to a dark fringe occurs 
when the phase difference (|) equals 71. For a .04 nm change in the wavelength X near 
1,550 nm, the first index of refraction n, for the fused silica is constant while the second 
index of refraction n 2 for the germanium changes by .0000125. Setting the first and 
second path lengths, ^ and equal to a path length d, setting the wavelength X equal to 
1,550 nm, and solving for the path length d, gives the path length d equal to 62 mm. 

A first alternative channel monitor of the present invention comprises the 
preferred interferometer 16 and the detector 20. In the first alternative channel monitor a 
fourth light signal enters the preferred interferometer 16 and a fourth interference signal 
exits the preferred interferometer. The detector 20 detects the fourth interference signal 
as the fringe pattern and consequently detects the change in wavelength of the fourth light 
signal. Alternatively, the detector 20 detects the intensity level. 

A first alternative interferometer of the present invention comprises a first beam 
splitter, first and second optical paths, and a second beam splitter. The first optical path 
comprising a first material which has the approximately constant index of refraction over 
the wavelength band. The second optical path comprising a second material having the 
index of refraction which varies over the wavelength band. The first beam splitter 
dividing an input light into a first light which travels along the first optical path and a 
second light which travels along the second optical path. The second beam splitter 
combining the first and second light into an interference light. 

It will be readily apparent to one skilled in the art that other various modifications 
may be made to the preferred embodiment without departing from the spirit and scope of 
the invention as defined by the appended claims. 
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